Abstract. Genetically controlled asynchrony in anthesis is an effective barrier to gene flow between planted and native forests. We investigated the degree of genetically controlled variation in the timing of key floral developmental stages in a major plantation species in subtropical Australia, Corymbia citriodora subsp. variegata K.D. Hill and L.A.S Johnson, and its relative C. maculata K.D. Hill and L.A.S. Johnson. Flowering observations were made in a common garden planting at Bonalbo in northern New South Wales in spring on 1855 trees from eight regions over three consecutive years, and monthly on a subset of 208 trees for 12 months. Peak anthesis time was stable over years and observations from translocated trees tended to be congruent with the observations in native stands, suggesting strong genetic control of anthesis time. A cluster of early flowering provenances was identified from the north-east of the Great Dividing Range. The recognition of a distinct flowering race from this region accorded well with earlier evidence of adaptive differentiation of populations from this region and geographically-structured genetic groupings in C. citriodora subsp. variegata. The early flowering northern race was more fecund, probably associated with its disease tolerance and greater vigour. Bud abundance fluctuated extensively at the regional level across 3 years suggesting bud abundance was more environmentally labile than timing of anthesis. Overall the level of flowering in the planted stand (age 12 years) was low (8-12% of assessed trees with open flowers), and was far lower than in nearby native stands. Low levels of flowering and asynchrony in peak anthesis between flowering races of C. citriodora subsp. variegata may partially mitigate a high likelihood of gene flow where the northern race is planted in the south of the species range neighbouring native stands.
Introduction
Natural hybridisation among related species or populations is common in trees (e.g. Thompson et al. 2010; Millar et al. 2012) , and in some groups including eucalypts and pines, this is largely attributed to weak intrinsic reproductive barriers (e.g. Ledig 1998; Potts et al. 2003) . Speciation, and the emergence of genetic difference at the population level, is therefore thought to largely depend on external factors, geographic distance or population disjunction (i.e. parapatry and allopatry) (Potts and Wiltshire 1997) . If these external barriers are disrupted, e.g. where geographic isolation is broken down by translocations, gene flow from exotics may influence the evolutionary trajectories of native populations through changes in fitness and survivorship (Rieseberg et al. 1989) . The expansion of hardwood plantations (largely Eucalyptus spp.) in recent decades in Australia has entailed large scale movement of germplasm around some regions of the country (Potts et al. 2003; Gavran and Parsons 2009 ). This movement resulted in increased exposure of the native populations to risks of locally exotic gene flow (Barbour et al. 2008 ). Awareness and concern over these risks have resulted in increased research to support sustainable forest management policy and certification practices (Potts et al. 2001; Australian Forestry Standard Limited 2007; Barbour et al. 2008; Laikre et al. 2010; Forest Stewardship Council 2012) .
Corymbia citriodora subsp. variegata (CCV) (formerly Eucalyptus citriodora) is the single most important taxa for hardwood plantations in subtropical Australia, with around 20 000 ha established in south-east Queensland (Qld) and northern New South Wales (NSW) over the past decade (Lee 2007) . It is one of four taxa of spotted gums that have a wide natural distribution in subtropical and temperate Australia. They occur as a latitudinal replacement series along the eastern coast from around Cairns in Qld to as far south as the Mottle Range in Victoria, but with regions of disjunction and sympatry (Hill and Johnson 1995) . Recent studies of genetic structuring in the species complex identified patterns of geographic structuring within CCV, a lack of genetic differentiation from C. henryi (CH) (a broad-leafed form), and that these northern taxa are strongly differentiated from the southern species, C. maculata (CM) (Shepherd et al. 2012) . The planting of CCV, mainly in south-east Qld and northern NSW, exposes native forests that contain Corymbia species (mainly spotted gums (Section Maculatae; Parra-O et al. 2009 ), but also other Corymbia sp. i.e. bloodwoods) to gene flow from locally exotic taxa that are inter-fertile (Barbour et al. 2008) . In recent years, commercial plantations of CCV have been derived from one or a few select provenances in the north of its range, particularly Woondum provenance near Gympie, Qld, which is genetically and adaptively differentiated both from the CCV and CH provenances from NSW including its higher tolerance to Quambalaria shoot blight (QSB) (Johnson et al. 2009; Brawner et al. 2011) .
Genetic risk decision trees are based on taxonomic, biological and geographic criteria (Byrne et al. 2011) . In an assessment of the likelihood and impact of gene flow and hybridisation between planted and native CCV to other spotted gums in northern NSW, Barbour et al. (2008) concluded that overall the likelihood of gene flow was high because taxa are highly inter-fertile and likely share common pollinators, including those able to travel long distances (Southerton et al. 2004; Bacles et al. 2009 ). The ecological and evolutionary impact of gene flow was more difficult to assess but the impacts are likely to be less profound in such widespread and abundant species, and none are considered threatened or rare. This does not preclude the identification of spotted gum populations that have unique value for conservation, or the possession of adaptations that may be valuable for future survival.
Genetically-determined asynchrony in flowering time is an intrinsic attribute imparting reproductive isolation and is thought to be one factor that can be engaged for management of risk from planted eucalypts (Griffin 1982; Potts et al. 2003) . Several studies have shown that differences in flower opening times between taxa, provenances and families of temperate eucalypts are under genetic control (Gore and Potts 1995; Jones et al. 2011) . Early and late flowering populations of the temperate Eucalyptus globulus have been identified for example, and the timing of anthesis was shown to be under strong genetic control (Jones et al. 2011) .
Differences in anthesis time have also been noted between taxa of subtropical spotted gums (McDonald 2004) . However, most surveys have been of native stands (Dale and Hawkins 1983; Pook 1984; Pook et al. 1997; Law et al. 2000) ; thus, genetic differences are confounded with environmental factors. Observations of floral development in a common garden study are required to separate the degree of genetic and environmental determination in these processes. Comparison of floral development in native stands with that of translocated trees is also useful for assessing the extent of genetic control, because stability in flowering parameters across environments is an indicator of genetic determination.
The present study was undertaken to determine the degree of genetically controlled differences in floral development, and assess the potential of genetic factors in isolating plantings from native spotted gums. We monitored flowering in CCV and CM from different regions across their native range, growing in a common garden trial, to determine the timing of key developmental time points such as bud initiation and peak anthesis, to test for evidence of genetic control and to characterise other factors that influence the capacity of a tree to flower (i.e. year effects and tree size).
Materials and methods

Study site and materials
The study was undertaken in a Forests NSW spotted gum provenance trial located 13 km south-east of Bonalbo (28 52 0 S, 152 38 0 E; elevation 164 m asl) in northern NSW. The trial has been described in detail in Johnson et al. (2009) . In brief, it contained a wide collection of CCV as well as some CM provenances (Fig. 1) . It was established in 1999 on an ex-grazing site with an east-facing aspect and an infertile yellow podzolic soil and receives a mean annual rainfall (MAR) of 1031 mm (Johnson et al. 2009 ; Australian Bureau of Meteorology 2012). It was laid out using a randomised complete block design (RCBD) with five replicates of 196 open-pollinated families planted in five-treeline plots; only four replicates were assessed in this study as one replicate had poor survival by 2009. Trees were planted in a 4.0 Â 2.5 m spacing and had not been thinned at the time of assessment.
A subset of trees from 31 CCV and CM provenances was selected for assessment in the Bonalbo trial. The term provenance here is used in the sense of White et al. (2007) , i.e. the geographical location of the native population where the plant material originated. Some provenances were excluded if they were represented by few families and were proximal to provenances with more families. Provenances that were included in the subset were selected to cover a wide geographical range and include the main sources of CCV used in the current breeding programs (Lee 2007) . The selected provenances were categorised into eight eco-geographic regions on the basis of the following four environmental variables: latitude, elevation, mean annual rainfall and temperature (Fig. 1) . However, the most northerly occurring CM provenances may be intergrades with CCV, because they originate from a recognised intergrade region (Hill and Johnson 1995; Shepherd et al. 2012) .
Flowering assessments
Flowering observations were recorded for a total of 1855 trees from 128 families from 26 CCV and five CM provenances (Table 1) . Each CCV or CM provenance was represented by 1-13 families, each family having nominally 20 trees.
For each tree, the canopy was surveyed for reproductive structures from the ground with 10 Â 40 binoculars. Five stages of flower development were distinguishable; initials, buds, open flowers, green capsules and older capsules. Preanthesis flowers were classified as initials when they were visible and up to~3 mm in width, or buds, if they were larger. Flowers were classified as open when opercula had been shed and anthers were evident. Green capsules are post-anthesis structures (i.e. reproductive structures for the current season in which anthers and styles were no longer evident) and are distinguishable from older capsules in their appearance and position on the branch. Green capsules (current season) appear plump and mostly located towards the tip of the branches, whereas older capsules appear shrivelled and concentrated on branches near the trunk of the tree.
Annual flowering assessments
The full complement of selected trees (1855) at the Bonalbo trial was assessed annually in November of 2009-2011 (trees aged 10, 11 and 12 years from planting), so as to assess flowering among provenances of spotted gum. The November census time was chosen to commence monitoring because this was before the previously recorded anthesis period for spotted gums in northern NSW (Law et al. 2000 ; Table 2 ).
Monthly flowering assessments
Monthly assessments were also conducted on the Bonalbo trial over a period of 12 months to observe progression and rate of floral development in the different provenances of spotted gum. Monthly assessments were undertaken on a subset of 208 trees from 22 provenances in two replicates (Table 1 ). The trees chosen for the monthly assessments were those found to be reproductively active during the initial November 2009 assessment and had the largest diameter at breast height (DBH) within each plot. Monthly assessments were undertaken from September 2010 to November 2011; however, no assessment was undertaken during December 2010, January 2011 and March 2011, because of heavy rainfall that precluded site access. Trees were assessed as for annual assessments and, in addition, period of bud initiation and peak anthesis time were noted (Table 2) .
Statistical analysis Flowering intensity and synchrony
The monthly flowering intensity and degree of synchrony at the provenance level were determined using the monthly observations of 208 trees from the Bonalbo trial. An intensity value of 0-5 was determined for each provenance derived as a function of the quantity of flowers and the proportion of trees in flower from that provenance (modified from Keatley et al. (2004) and Keatley and Hudson (2007) ). The quantity score ranged from 0 to 3 and was assigned as follows: 0 = no flowering; 0.5 = <100 flowers; 1 = 101-1000 flowers; 2 = 1001-5000 flowers and 3 = >5000 flowers. The score for the proportion of trees in flower in a provenance was assigned as follows: 0.5 = 0.1-10%; 1 = 11-40%; 1.5 = 41-60%; 2 = 61-100%. Modification of the original scoring system was necessary in our case to adjust for the lower flower abundance in the trials than the more abundant flowering detected in the native stands studied by Keatley et al. (2004) . We report intensity scores on a monthly basis as appropriate for our analysis but they are usually given as an annual average in long-term flowering studies (e.g. Keatley et al. 2004; Keatley and Hudson 2007 ). An intensity score of zero indicated that no tree from the provenance flowered, whereas a score of five indicated flowering was heavy in that month. Peak flowering was defined as the month or months with the highest flowering intensity (Keatley et al. 2004; Keatley and Hudson 2007) .
Assessing the variation in the potential to flower
We tested for variation in flowering among regions (owing to genetics), years and interaction effects based on the November assessment over 3 years (2009) (2010) (2011) . The presence of buds was used as an indicator of the 'potential to flower' because of the very few trees with flowers at the census time-point. The use of buds as surrogate to flowers is justified as buds and flowers have strong, positive correlation with each other (O'Brien et al. 2007) .
Although more trees had buds than flowers, the number of trees with buds was still too few (i.e. in 2011, only 8% of trees had buds) to use standard parametric statistics (see Results). Thus, the potential to flower for material from a particular region, or year, in our zero-inflated dataset, was assessed using odds, calculated as the number of trees with buds divided by the number of trees without buds for each year in each replicate. Odds were used because simple quantity counts were not appropriate because of unequal sample sizes and the binary nature of the data (i.e. trees with buds, trees without buds) at any group level (i.e. family in a replicate).
A mixed, multilevel binary logistic regression model was used to test the significance of region, year and region by year interaction effects. A logit function was necessary to link the non-linear response variable to components of a linear model. It was also necessary to remove families from the analysis that had no trees with buds in any replicate in any year because the logarithm of zero is undefined. This was not thought to bias effect estimates unduly because there was no regional basis for the families to be excluded. Of the 128 families in the original set assessed, 105 families had at least one tree with buds in each replicate in each year and were included in the analysis. Pook et al. (1997) .
We explored the power of alternative models to identify a model that best explained the variation in the odds of a tree having buds, as a measure of the potential to flower, by adding factors into the model and comparing their deviance information criterion (DIC) values. A more optimal model that explains more of the variation will have a lower DIC, and the drop in DIC with the addition of a term is an indication of the importance of the term to the model (Spiegelhalter et al. 2002) . A series of models were tested with the sequential addition of year, region and interaction terms, and their DIC values compared. The model of best fit included all terms, with the interaction term providing the largest improvement in fit, and the model was defined as
where Logit (p ijk ) is the natural logarithm of the odds of trees having flower buds in Observation i in Replicate j from Family k; b 0jk is the intercept in the model (Region 1 in Year 1); bRegions k is a set of dummy variables representing the eight regions; bYear ijk is a set of dummy variables representing the 3 years of observations; b(Regions Â Year) ijk is a set of dummy variables representing the interaction of regions and years, variance (family) k , variance (replicate) jk and variance (residual) ijk are the residual variances at the family, replicate and observation levels. The models were estimated by the Markov chain Monte Carlo (MCMC) method in MLwiN software v2.24 (Rasbash and Browne 2000) . Each model was run with a 500-cycle burn-in and a monitoring chain length of 175 000 iterations.
For descriptive purposes, the logit-scale estimates from the models were back-transformed to estimates of the odds of trees with buds for each region in each year, and odds ratios for comparing each region between years and comparing regions in each year. For example, the odds ratio comparing the odds of trees with buds in Region 1 in Year 1 to the odds of trees with buds in Region 2 in Year 1 equals the number of trees with buds from Region 1 in Year 1 on the number of trees without buds from Region 1 in Year 1, divided by the number of trees with buds from Region 2 in Year 1 on the number of trees without buds from Region 2 in Year 1. Odds ratios for multiple pairwise comparisons were tested using single degree of freedom Wald chi-square tests (c 2 = (estimate Ä s.e.) 2 ). No adjustment was made for the number of comparisons because the power for the tests was low (data not shown) as a result of the small proportions of trees with buds.
Vigour assessments
To investigate whether tree diameter was correlated with capacity to flower, the DBH over bark was recorded for the 1855 trees monitored for flowering in the Bonalbo Trial in November 2009. A one-tailed independent sample t-test was used to test whether there was a significant difference in the mean DBH between the class of trees that were reproductively active compared with the class of trees that were not in flower.
We also compared 'flowering effort' and DBH at the regional level. Flowering effort was a measure of fecundity and was defined as the total quantity of unique reproductive materials (i.e. such as initials, buds, flowers) observed on a tree at any time during the 3 years of study. To avoid double counting, only initials were added to the total amount of materials evident in the first year of assessment, 2009; hence, the formula to estimate flowering effort was A two-way ANOVA and l.s.d. were used to determine significant differences in the mean flowering effort among regions, using DBH as a covariate in the analysis. All analyses were performed using SPSS v19 (SPSS 2010).
Results
Few trees flowered and overall flowering intensity was low
The annual assessment of flowering in November at the Bonalbo trial showed that, overall, the level of reproductive activity (i.e. percentage of trees with buds, flowers or green capsules) was low, with the percentage of reproductively active trees 10. 45%, 7.33% and 18.98% in 2009, 2010 and 2011, respectively . The most abundant reproductive structures in November was buds, which were present on~1/2 of the reproductively active trees in 2009, 2010 and 2011, 7 .44%, 3.07% and 8.30% in each year, respectively. That few trees flowered within the year was also reflected in the low flowering-intensity scores in each month calculated on a subsample of trees (n = 208) for the time course of observations between September 2010 and November 2011. Provenance values for flowering intensity ranged between 1 and 2, of a maximum possible score of 5 (Fig. 2) .
A similar low level of flowering activity was evident at a nearby trial during the same years (2010 and 2011; Emu Creek, 15 km west of the Bonalbo trial; data not shown) and in other plantings in northern NSW (Barbour et al. 2008 ), suggesting that this low level of flowering activity at the Bonalbo trial was typical for similar-aged plantings of spotted gum in the region.
Regional differences in anthesis
In terms of anthesis, the monthly observations at the Bonalbo trial between September 2010 and November 2011 indicated that CCV flowered from winter (June) to early summer (November) (Fig. 2) . Trees from some regions may have also flowered in December and January of those years (no observations were made in December 2010 and January 2011) and the flowering season appeared to be finished by March 2011, with no tree being in flower at this time. Our assessment was based on 10 of the 22 provenances in our study because four provenances (Dalmorton, Ewingar, Lower Bucca and Kangaroo River) had only a single tree that flowered during the assessment period, and no tree from the other eight provenances flowered. Hence, the provenances with only one tree that flowered, and those that did not flower were excluded from the following analysis.
One of the most striking patterns was the accord among higherlatitudinal provenances (>27 S) to forgo anthesis during the 2011 flowering season, despite many trees carrying initials or buds in that year (Fig. 2) . A minor exception to this was the observation of one tree from the Richmond Range with flowers during February 2011. Among the group of northern provenances flowering in 2011 (the two Toolara sites, Woondum, Brooyar and Wondai provenances), there tended to be a delay in the onset of anthesis among more inland provenances (Brooyar and Wondai) (Fig. 2) . The coastal provenances of Toolara and Woondum commenced flowering in June or July, the more inland, although still east of the GDR provenance of Brooyar, commenced in September, whereas Wondai, the only provenance west of the GDR, commenced in October (Fig. 2) .
Also striking was the year-to-year variation in anthesis. There was a 3-month window (September-November) of observations in both years that allowed an across-year comparative analysis. Whereas mainly higher-latitudinal provenances flowered during this period in 2010, only lowerlatitudinal provenances flowered in the September-November window in 2011.
Genetic control of flowering in spotted gum
Regional differences in the potential to flower Our analysis of the potential for flowering using buds as a surrogate for open flowers, and assessing the likelihood of flowering in odds in a multi-year analysis, revealed significant differences among regions. In all, five models with different sets of terms were evaluated (Table 3 ). The full model (Model 5) provided the best fit (i.e. lowest DIC value) of any model tested and was used in all further analyses (Table 3 ; Model 5, DIC = 2215). Examining the impact of the sequential fitting of terms to the model indicated that the inclusion of the Region Â Year interaction term had the largest effect overall (indicated by the largest reduction in the DIC value, i.e. between Models 4 and 5, a delta DIC = -105), followed by year, then region (Table 3) .
Single-year analyses were undertaken to simplify the interpretation of region effects (ANOVA not shown) because of the importance of interaction. Significant differences were found among regions within each year (Fig. 3a-c) . As an A This is the model used in further analysis.
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Toolara Home -- Table 1 . Flowering intensity is a function of the quantity of flowers and the proportion of trees that flower in a provenance (adapted from Keatley et al. (2004) and Keatley and Hudson (2007) ). Flowering intensities are indicated as follows: 2 (black fill), 1.5 (grey stippled), 1.0 (light grey fill), 0 (no fill)' and not assessed (-).
example, we consider regional effects in 2011, because the largest differences among regions were evident in this year (Fig. 3c) . Together, C. maculata (MAC) and coastal NSW (CNSW) regions recorded the highest odds for the potential to flower for any region at any time during the 3 years, 0.31 and 0.25, respectively. The MAC region had significantly higher odds of trees with buds than did any other region except CNSW (P < 0.05; Fig. 3c ). The odds ratios between MAC and three other southern regions, high-elevation NSW (HENSW), high-rainfall NSW (HRNSW) and Richmond Range (RICH) were 9.97, 7.68 and 4.63, respectively (P < 0.001; Fig. 3c) . Thus, the MAC region was almost 176 times more likely to have trees with buds than was coastal Qld (CQld) (odds ratio = 175.91; P < 0.001), and more than four times more likely than were inland Qld (IQld) (odds ratio = 4.46; P < 0.05) and subcoastal Qld (SCQld) (odds ratio = 4.45; P < 0.05). The CNSW region was also 128 times more likely to have had trees with buds than was CQld, its coastal counterpart in the north (odds ratio = 127.88; P < 0.001). These large changes in the odds for the MAC and CNSW regions in 2011, relative to earlier years, appeared to drive the significance of the Region Â Year interaction effect.
Correspondence in floral development between translocated and native stands
We compared the timing of bud initiation and anthesis in the translocated materials in the present study with those recorded for representative populations from native stands, for further evidence of genetic control at the population level. Because of limited sampling, three broad latitudinal zones were defined to allow comparative analysis of flowering between translocated and native populations within a zone, i.e. a northern subtropic, southern subtropic and temperate zones (Table 2) . At this scale within latitudinal zones, patterns of flowering observed in the translocated populations tended to reflect those recorded in the native stands (Table 2) . For example, CQld, which is encompassed within the northern subtropics zone, initiated buds in September to November in our study, which was similar to the bud initiation time recorded for native CCV in the same zone (September to October; Table 2 ). The duration of bud development was also similar for translocated trees we observed from CQld, which took 9-13 months for initials to progress to anthesis, with native populations from coastal (Gympie region) and more inland (Barakula) sites being recorded taking 10-11 months to undergo bud development (Dale and Hawkins 1983) . The comparison of translocated and native materials from the southern subtropical zone also suggested congruence in the timing and duration of floral development. Our observations of translocated trees representing this region in the Bonalbo trial indicated that they took 20-21 months to develop, which was notably longer than the translocated CCV from the northern subtropical zone, but appeared to be in accord with the duration between initiation and anthesis for more southerly native populations of CCV (i.e. 15-24 months; Law et al. 2000) . Similar congruence in the key floral-development phases was evident for translocated and native CM (Table 2) . Because translocated material from this latitudinal zone was not included in the subsample for our monthly observations at the Bonalbo trial, we referred to observations conducted at Grafton Agricultural Research Advisory Station (GARAS) to benchmark floral development of translocated CM. Bud initiation occurred in October in translocated CM at GARAS, close to the September date recorded for CM in southern NSW (Table 2) . We could not ascertain the exact bud-development time of the translocated CM because the buds aborted before anthesis; however, bud development was more than 12 months, which was congruent with the recorded bud development of native CM (Table 2 ). This correspondence in the flowering behaviour at the population level across sites suggested genetic determination in some aspects of the flowering processes of spotted gum.
Other factors influencing flowering in spotted gum
Year-to-year differences in the potential to flower
Although region was significant in determining the potential to flower (see above), overall, region explained less variation than the Year or the interaction of Region and Year terms. The significance of the interaction term could largely be attributed to the reactivity of a few regions, namely MAC and CNSW (Fig. 3c) . The high likelihood of the presence of buds on trees from the MAC and CNSW regions in 2011 was in contrast to their low odds in 2010 (odds = 0.013 and 0.026, respectively; Fig. 3a-c) . The MAC region was almost seven times more likely to have trees with buds in 2011 than in 2009 (odds ratio = 6.93; P < 0.001) and 48 times more likely than in 2010 (odds ratio = 48.61; P < 0.001; Fig. 3a-c) . The CNSW region, however, was three times more likely to have trees with buds in 2009 than in 2010 (odds ratio = 3.04, P < 0.001), and nine times more likely to have trees with buds in 2011 than in 2010 (odds ratio = 9.03; P < 0.001; Fig. 3a-c) . The odds of a tree having buds in the other regions were relatively stable across the 3 years compared with CNSW and MAC (Fig. 3a-c) .
Tree vigour and flowering
Among the 1855 trees with DBH measurements, only 421 trees (22.69%) had reproductive structures from at least one developmental stage present, i.e. initials, bud, flowers or capsules, and thus, they were reproductively active at least once during the 3 years of the study. The mean DBH of trees that were reproductively active (mean AE s.e.; 16.15 AE 0.21 cm, n = 421) was significantly higher than the mean DBH of trees that were not active during the observation period (mean AE s.e.; 11.85 AE 0.12 cm, n = 1434; t-test, P < 0.001).
To test whether there was a correspondence in tree vigour (as assessed by DBH in 2009) and reproductive activity, a correlation analysis was conducted on the mean DBH of each region. A variable 'flowering effort' was generated to represent the amount of tree resources spent on flowering during the 3 years of observations. This assumes that DBH in 2009 was correlated with DBH in 2010 and 2011. This correlation is reasonable, given the many studies that have shown high inter-correlation among DBH values over years (e.g. Stackpole et al. 2010) . The correlation analysis indicated that there was a weak but highly significant positive correlation between DBH and flowering effort (r 2 = 0.26; P < 0.001) when assessed at the regional level (Fig. 4) .
Discussion
The objective of our study was to describe patterns of flowering in spotted gum planted at Bonalbo, NSW, and determine the degree to which floral development is under genetic control. Our results provided some evidence for regionally based differences in the timing of anthesis and other floral development stages, and the stability in the timing of these processes despite translocations.
Low levels of flowering -impacts on gene flow and the ability to detect variation in flowering patterns
A key finding of this study was that there was a very low flowering level in young ( 12 years old) planted spotted gums. There are two lines of evidence for the low levels of flowering. First, the FIS value (measure of the number of flowers and the number of trees flowering) of each provenance was very low (i.e. ranged from 0 to 2 of a maximum of 5, see Fig. 2 ). Second, the proportion of trees with current reproductive materials (initials, buds, flowers or green capsules) at the trial was also low in the 3 years of study, being 10. 45%, 7.33% and 18.98% in 2009, 2010 and 2011, respectively . The low levels of flowering were typical across a range of plantations and trials in northern NSW that were observed at the same time as the Bonalbo trial (Abasolo 2013) . Observations on other planted spotted gums indicated that flowering intensity was similar to that in the Bonalbo trial (FIS 2.5) and that the natives had higher FIS values (maximum of 5) than did the planted spotted gums.
The low levels of flowering, and, thus, low pollen production, may moderate gene flow from young plantations (i.e. <12 years old; see section on Implications for risk assessment of gene flow from plantings of CCV). Pollen output from plantations should be revisited at rotation age because flowering is expected to increase with age. However, flowering may also depend on many other factors influencing growth rates, including thinning regimes and stocking rates, which are important if the plantations are grown for a further 20-30 years.
The observation of low flowering levels in this study severely constrained the ability to use standard statistical methods used to test for genetic control and in exploring variation in flowering patterns. Our data were 'zero-inflated', meaning that at some levels (i.e. family and provenance), there were no observations or variance. The zero-inflated dataset precluded the use of traditional quantitative methods to partition variance and estimate heritability. Approaches that model the presence or absence of reproductive structures are valid in such cases (Faddy 1998; Kuhnert et al. 2005) . One approach is the use of a binary logistic regression model, which takes into consideration the presence or absence of a unit (Welsh et al. 1996; Fletcher et al. 2005) . For our analysis, we had to pool observations at higher levels (i.e. region rather than provenance) and used variables such as number of buds rather than number of open flowers to obtain sufficient data for comparison. In situations where the dataset is zero-inflated, generalised regression models (GLM) provide limited improvement in fit because GLM is based on a data with a normal distribution. Hall (2000) illustrated the use of alternative models (zero-inflated Poisson (ZIP) and zero-inflated binomial (ZIB)) to generalised regression models, and their application in agriculture.
Two flowering groups align with geographic and genetic groupings
In the present study, we identified the following two flowering groups: a cluster of early flowering northern coastal provenances, and a late-flowering group consisting of inland northern, and southern provenances. The northern provenances also tended to have earlier bud initiation time than did the southern provenances (Abasolo 2013) . The geographic origins of flowering groups in CCV broadly accorded with the genetic structuring previously identified using molecular markers (Shepherd et al. , 2012 and differentiation at other adaptive traits in spotted gums (see below). Trees from south-eastern Queensland localities (northern flowering group) were distinguished by allelefrequency differences at microsatellite marker loci when compared with trees from northern NSW (southern flowering group). Such an alignment in genetic structure, revealed by neutral molecular markers and patterns in adaptive variation, may arise where there has been historical isolation among populations that facilitates differentiation at neutral loci via genetic drift, and adaptive loci via selection (e.g. Li and Adams 1989; Butcher et al. 2009) .
Although there was alignment between genetic and flowering groups from the CQld region and various NSW regions, trees from IQld (Wondai) and SCQld (Esk and Lockyer) may not fit this overall pattern. These provenances were not investigated in the genetic structure study, so their genetic affinities are unknown. But it is recognised that there is complexity and exceptions to latitudinal patterns concerning inland Qld, and populations neighbouring the Border Ranges, because of the long and narrow distribution, isolation by distance effects and disjunctions in the habitat of CCV . This complexity may be reflected in mis-alignment in genetic and flowering grouping from these regions. Further investigation of the genetic structure in CCV, including the populations studied here (Wondai, Esk and Lockyer), will be necessary to see whether the congruency in genetic and flowering groups holds, or whether they are exceptions, perhaps explained by differential adaption within genetic groups.
Notwithstanding the potential complexities of alignment of flowering and genetic groupings in the north, common geographic origin for a genetically and adaptively distinct cluster of provenances suggests that distinct geographic races in the sense of White et al. (2007) should be recognised in CCV i.e. 'a subdivision of a species consisting of genetically similar individuals occupying a particular territory in which they have become adapted through natural selection'. It is proposed that because of its distinctness at the genetic level, anthesis and disease-resistance attributes, the Coastal provenances around Gympie (Qld), including Toolara and Woondum, but also tentatively Brooyar, also still east of the GDR, are recognised as a geographic race within CCV.
We hypothesised that the geographic patterns in flowering time in CCV observed may be linked to local adaptation to climate. Environmental factors such as temperature, duration of growth season and daylength often vary in a predictable and continuous manner with latitude and plant populations frequently exhibit clines in growth and phenological traits as a result of adaptive responses to these variables (Colautti et al. 2009 ). Studies of introduced annuals in the northern hemisphere revealed a common pattern in flowering times that emerged in response to climatic gradients during historical times across a wide range of plant species (Kollmann and Banuelos 2004; Bastlová et al. 2006; Montague et al. 2008) . Unlike annuals, however, where the need to reproduce within one growing season, and photoperiod, appears to be the main driver of adaption (Riihimaki and Savolainen 2004; Hancock et al. 2011) , there is increasing evidence that photoperiod is not a main driver for flowering time in perennials (Keller et al. 2012) where temperature, and more particularly heat sum, better predicts floral development and anthesis (Reader 1983; Yeh et al. 1999; Trudgill et al. 2005) .
Geographic patterns in flowering time have been recorded in several eucalypts. In Jarrah (E. marginata), like CCV, trees from more northerly populations were found to flower earlier than those from southern populations when grown in a common garden trial (O'Brien et al. 2007) . Indeed, this pattern of earlier flowering in populations from the north of a species range may be common in eucalypts because analysis of long-term flowering records from apiculturists for 28 eucalypt species in Victoria show a general north-south trend (Birtchnell and Gibson 2006) . Although these observations in native stands do not allow us to conclude that these differences are necessarily adaptive (they could be plastic responses to differences in the environment), the correspondence in rankings of populations based on flowering time between translocated and native populations, as evident in our study as well as other studies of eucalypts (E. marginata and E. globulus) (O'Brien et al. 2007; Jones et al. 2011) , suggests genetic control and the potential for adaptive significance in flowering-time differences in some cases. In the case of E. globulus, in contrast to CCV and E. marginata, more northerly populations from Victoria flowered later than eastern coast Tasmanian populations when grown together in a seed orchard at Hobart (Jones et al. 2011) . This showed that control of flowering time is complex and latitudinal differences are not always a reliable predictor.
Less directly, climatic factors may influence anthesis through pollinator availability. One possible driver of adaptation is the avoidance of anthesis during high-rainfall months to maximise the number of pollinators (Elzinga et al. 2007 ). The northern coastal provenances receive 50% of the 1066 mm mean annual rainfall during the summer months from December to March. This high rainfall may significantly reduce the number of pollinators during summer. Thus, flowering earlier in the season might be a strategy for northern coastal provenances to attract more pollinators; however, more study will be required to test this hypothesis.
The northern flowering race may be more fecund because of greater vigour owing to disease resistance A trend of higher fecundity and greater vigour of trees from the northern flowering race than the southern race may be due to its higher tolerance to QSB (Brawner et al. 2011; Pegg et al. 2011) . It has been shown that populations from the higher-rainfall region around Gympie (Qld), including the provenances assessed in the present study belonging to CQld, have a higher tolerance to QSB than do the NSW provenances, and this leads to higher early plantation productivity of trees from the CQld region (Brawner et al. 2011) . Shoot blight damage caused by QSB has a major effect on the crowns of planted CCV because the lesions and distortion of new shoots, including stems and expanding leaves, can cause a massive reduction in foliage, or loss of apical dominance in severe cases (Pegg et al. 2011) . Northern populations were found to be more tolerant to damage caused by QSB in the Bonalbo trial (Johnson et al. 2009 ) and this may account for the larger size of trees from these populations in the current study. However, the productivity of CM is usually greater when it is grown in temperate regions where QSB is unlikely to be significant, due to a drier climate (Arnold et al. 2005) .
Although there was a significant correlation between the flowering effort and tree size at the regional level (Fig. 4) , the relationship was relatively weak (r 2 = 0.2). Several studies have shown that reproductively active plants tend to be larger and put more effort in to reproduction than do smaller members of these species (Klinkhamer et al. 1991; Hanzawa and Kalisz 1993) . From these observations, it has been concluded that plants must reach a threshold size before reproducing and the degree of resources committed to reproduction is balanced with vegetative growth (Bonser and Aarssen 2009) . A tendency for larger trees from better growing regions that have greater tolerance to QSB to flower, as observed here, may be a function of both these factors, because stressed, less vigorous trees may not have reached a threshold size or do not have the resources to undertake flowering. The IQld region, like the lack of accord in patterns between geographic location and anthesis timing, did not fit the overall pattern between tree size and fecundity well. This region largely contributed to the weakness of the correlation because it had the highest mean flowering-effort score (0.688; P < 0.05) and relatively poor growth.
Potential to flower is plastic and appears to be affected by tree vigour and yearly climatic variation
Region by year interaction was the single most important term in explaining potential to flower. Year-to-year variation was most pronounced in trees from the MAC region, which had low potential to flower in both 2009 and 2010 but was very prolific in 2011 (Fig. 4a-c) . Such high plasticity in year-to-year variation has often been related to climatic variation. Climatic conditions, particularly warm temperature, trigger key development steps in bud initiation and bud growth (Moncur et al. 1994) . Continued high temperature during bud growth accelerates the pace of development by increasing the availability of photosynthates. For example, photosynthates necessary for bud development can be allocated in the shoots only at a temperature higher than 18 C among subtropical species (Specht and Brouwer 1975) . Exposure to warm temperatures can be expressed as heat sum, which is the linear accumulation of temperature above a base temperature measured in degree-days (Trudgill et al. 2005) . Heat sum has been found to determine the timing of bud break and subsequent reproductive development in temperate eucalypts (Moncur et al. 1994; Jones et al. 2011) , and heat-sum models have been used to predict anthesis time in other trees, e.g. Norway spruce (Nikkanen 2001) and Quercus (García-Mozo et al. 2006) .
Implications for risk assessment of gene flow from plantings of CCV
The recognition of two geographic races (exhibiting both adaptive differences in anthesis time and disease tolerance) within CCV presents a challenge for forest managers where trees from the northern race are planted in the south of the natural range of CCV. Our study revealed two factors that may mitigate gene flow between these races, namely, partial asynchrony in anthesis time and the overall low levels of flowering in planted stands of CCV. The likelihood may be further moderated by the observation of low levels of pollen production in plantations of young age (i.e. less than 14 years old) relative to nearby native stands, so that the source to sink ratio for pollen may be low.
These factors may reduce the overall risk profile of such planting that otherwise may be high owing to biological factors such as high cross-compatibility because of a lack of many pre-(e.g. structural incompatibilities) and post-zygotic (genetic) reproductive barriers (Barbour et al. 2008) .
On the other hand, increasing recognition of distinct geographic races with adaptive differences and evidence of genome-wide isolation among natural populations of CCV from neutral genetic markers may indicate that the potential impacts on the evolutionary trajectories of native stands, and their ecologies, may be higher than previously thought (Barbour et al. 2008) . Evidence is mounting that populations of CCV differ in potentially important adaptive traits such as disease tolerance (Johnson et al. 2009; Pegg et al. 2011) , frost tolerance (Larmour et al. 2000) , terpene chemistry (Asante et al. 2001) and peak flowering time (this study), reflecting natural selection among populations for particular genes and gene combinations. Gene flow between populations may contribute to either mal-adaption (e.g. reduced reproductive fitness), or range expansion (e.g. perhaps because of higher tolerance to abiotic or biotic stress or enhanced dispersal) or both, in hybrids, as well as having wider ecological impacts on dependant fauna (perhaps owing to altered timing in the availability of nectar or pollen food source for pollinators, for example). Spotted gums are a food source for birds as well as flying mammals such as the grey headed flying fox (Southerton et al. 2004) . These impacts may be increased where the ratio of pollen in the source (plantation) and the sink (native stand) is greater (Potts et al. 2003) , and in some cases, the viability of small remnants may be threatened because of pollen swamping (Petit et al. 2004) or dilution of the reproductive capacity of native stands (i.e. by soaking up otherwise viable female gametes with mal-adapted pollen; Keim et al. 1989) . Maladaption may manifest itself early in the life of the firstgeneration hybrid, perhaps mitigating further introgression, or it may be delayed beyond the onset of reproduction (such a temporal delay might be a consequence of climate change, for example), having longer-term implications for the recipient population.
Crossing and evaluation of fitness is also needed to assess whether outbreeding depression (OBD) will manifest in advanced generations of hybrids between genetic groups of spotted gum. A lowered fitness in the first-, and particularly later-generation hybrids of plants relative to the parental taxa (OBD) may also arise as a result of intrinsic (i.e. breakdown in co-adapted gene complexes) or extrinsic (i.e. hybrid less fit in particular environments) factors (Frankham et al. 2007 ). The breakdown in favourable epistatic interactions in co-adapted gene complexes, for example, is viewed as a likely cause of reduced vigour in other later-generation eucalypt hybrids (Costa e Silva et al. 2012) . The degree of OBD in hybrids may relate to the genetic distance between the parents (e.g. because of distance, habitat or topographical barriers; Waser and Price 1989) and can be assessed by genetic markers and the F st metric (Beaumont 2005) . Three geographically based genetic groups have been identified within CCV and its relative CH, that align with habitat barriers are thought to be indicative of long-term restrictions to gene flow in the these taxa . It is unclear yet whether OBD will be evident in inter-racial crosses of CCV; however, if so, this may limit introgression between planted and native CCV in some circumstances.
